Communicated by Van R. Potter, November 16, 1981 ABSTRACT Equitoxic concentrations of N-methyl-N'-nitro-N-nitrosoguanidine (MNNG) and methyl methanesulfonate (MeMes) produced different frequencies of 8-azaguanine-resistant mutants and different amounts of N7-methylguanine, 06-methylguanine (m6G), and N3-methyladenine in the DNA ofV79 Chinese hamster cells. Thus, neither the cytotoxicities nor the mutagenicities of these methylating agents could be attributed solely to nitrogen or to oxygen methylations in the DNA. However, MNNG produced 12-fold more m6G and 5-fold more mutants than did MeMes, indicating that a substantial part of the MNNG-induced mutations resulted from m6G-thymine mispairing during DNA replication.
In Chinese hamster V79 cells treated with monofunctional alkylating agents, correlations among dose responses for cytotoxicity, mutagenesis, inhibition of DNA synthesis, and total DNA alkylation (1) (2) (3) suggest that cytotoxicity results from mutations in genes whose products are essential for the survival of the cells. For example, a mutation that deletes the gene for the membrane-bound Na, K-ATPase would be a lethal mutation (4) . On the other hand, equitoxic concentrations of methylating agents produce different mutant frequencies (2, (5) (6) (7) . Moreover, those compounds that produce the highest mutant frequencies also produce the greatest amount of 06-methylguanine (m6G) in the DNA (2, 6) . These findings suggest at least two interpretations: (i) cytotoxicity results largely from mutations produced by DNA methylations other than m6G (1, 3) ; or (ii) the mechanisms by which methylating agents produce most of their cytotoxicity are fundamentally different from the mechanisms by which they produce mutations.
A means of testing the validity of the above interpretations is suggested by observations that the cytotoxicity and mutagenicity of methylating agents in Chinese hamster cells can be enhanced by supplementing the culture medium with thymidine (dThd) (8, 9) . By treating V79 cells with the methylating agents, N-methyl-N'-nitro-N-nitrosoguanidine (MNNG) and methyl methanesulfonate (MeMes), which produce different proportions of m6G and 7-methylguanine (m7G) in the DNA (10) (11) (12) , and by incubating the treated cells for various times in medium containing dThd, it should be possible to determine whether the replication of DNA containing m6G or m7G, in cells incubated in medium containing dThd, is necessary for both mutagenesis and cytotoxicity. The effects of such treatments and incubations are described in the present report.
MATERIALS AND METHODS Chemicals, Radiochemicals, Cell Lines, and Culture Media. The sources of the MNNG, MeMes, dThd, deoxycytidine (dCyd), 8-azaguanine (z8G), V79 Chinese hamster lung fibroblasts, and media and plasticware used for cell culture have been described (5, 8) . [ 15 mCi/ mmol, was supplied by New England Nuclear and its specific activity was confirmed by mass spectrometry. The standards m7G and 3-methyladenine (m3A) were supplied by Vega-Fox, and 06-methyldeoxyguanosine was prepared by the method of Farmer et al. (13) and hydrolyzed with 0.1 M HCl (18 hr at 370C) to produce m6G.
Culture and Treatment of the Cells. Chinese hamster V79 cells were routinely cultured in Dulbecco's medium supplemented with 2% dialyzed fetal calf serum and 8% dialyzed calf serum (5, 8) . Nucleosides dissolved in culture medium were removed from or added to the cell cultures by changing the medium after three rinses of the monolayers with fresh medium. The cells were treated for 2 hr with MNNG or MeMes beginning 6 Cytotoxicity and Mutagenesis Assays. Cytotoxicity was measured as described (5, 8) by counting colonies of '50 cells that grew from single cells'(200-1000 plated per 60-mm dish) surviving the treatments with alkylating agents and nucleosides. Doubling times of the cells were calculated from the increase in the number of cells that occurred between the 2nd and 5th day after treating 0.5-1 X 10 cells with MNNG or 0.5% acetone in culture medium. Mutagenesis was assayed as previously described (5, 8) by counting colonies of z8G-resistant (zaGr) cells that grew in medium containing z8G at 40 jig/ml after an expression time of 6 days.
Analysis of DNA Methylation. For analysis of DNA methylation, DNA from 1-5 X 108 cells was isolated exactly as described by Marmur (14) and hydrolyzed by incubation with 0.1 M hydrochloric acid for =18 hr at 37VC (10) . The hydrolysate was mixed with 30 pug of m6G and applied to 22-cm-long strips ofWhatman 3 MM paper. Standards of m7G and m3A were applied alongside and the papers were developed by descending chromatography in solvent I, which is isopropyl alcohol/ammonia/water, 7:1:2 (vol/vol). These methods have been described (10) (11) (12) 15) . The chromatograms were cut into 1-cm strips, the radioactivity ofwhich was determined by liquid scintillation spectrometry (15) . This method separates m G, m6G, and guanine from each other and from adenine and m3A. For separation of m3A from' adenine and for further separation of m G from guanine the paper strips containing m3A and adenine or m7G and guanine were washed in toluene and eluted with water, and the eluates were chromatographed by descending chromatography in solvent II, which is isopropyl alcohol/ 10 ,uM dThd with no added dCyd the cytotoxicity of MNNG was enhanced -10-fold, whereas that of MeMes was enhanced %2-fold (Fig. 1) MNNG and MeMes were not significantly different from those in medium to which no dThd was added. These reductions by dCyd of the dThd-induced enhancements of cytotoxicity suggest that the enhancements and the cytotoxicity of80 ,uM dThd occurred by similar mechanisms. Temporal Aspects of the Cytotoxicity of MN'NG and dThd. In describing these temporal aspects, 0 hr is the time when MNNG was introduced into the culture medium, 2 hr is the time when the MNNG treatment was terminated by changing the medium, and -6 hr and day 8, respectively, were the times when the cells were plated and the colonies were counted. The concentrations ofthe dThd and dCyd that were introduced into the medium were each 10 AM.
The cytotoxicity of MNNG in cells that were incubated in medium containing dThd from -6 hr to 2 hr was not significantly different from that in medium containing dThd from 2 hr to day 8 ( Table 1) , showing that these cytotoxicities were not the results of chemical interactions in the culture medium between MNNG and dThd. However, the cytotoxicity of MNNG was increased =8-fold in medium that contained dThd from -6 hr to 2 hr, from Ohr to 2 hr, or from -6 hr to day 8, showing that the enhancement by'dThd ofthe cytotoxicity ofMNNG was maximal after a very brief (2-hr) exposure ofthe MNNG-treated cells to 10 ,M dThd (Table 1 ). (8, 16) .
We now report that maximal facilitation of MNNG-induced mutagenesis occurred when dCyd and dThd were present in the medium throughout the first 24 hr after treatment of the cells with MNNG. Facilitation of mutagenesis was not significantly increased by maintaining MNNG-treated cells in medium containing nucleosides for longer than 24 hr (Fig. 2) , which is the doubling time of the MNNG-treated cells in medium containing dCyd and dThd. Significant facilitation did not occur in medium that contained dCyd plus dThd or dThd until the end of the MNNG-treatment period of 2 hr (Fig. 2) , which is an order ofmagnitude less than the doubling time ofthe cells. Thus, one doubling of the MNNG-treated cells, which entails one round of replication of their DNA, in medium containing the nucleosides was necessary and sufficient for maximal facilitation of MNNG-induced mutagenesis. Fig. 2 also shows that significant facilitation of mutagenesis did not occur in medium that contained dThd from day 1 to day 6, during which time 3.3 cell doublings occurred. Facilitation was also significantly reduced in medium that contained dCyd and dThd from day 2 to day 6, during which time 4.0 cell doublings occurred. On day 6 the medium was changed to medium containing z8G for selection of mutants. Thus, Fig. 2 shows that 5 cell doublings in medium containing dCyd and dThd prior to treatment with z8G were necessary for maximal production of z8Gr mutants. This number of doublings is consistent with our previous finding that the duration of the phenotypic lag of MNNG-induced mutants was 4-6 doubling times (5, 8 showed peaks of 14C radioactivity at the origin, in regions of the chromatograms containing m6G, and in regions corresponding to those that contained the standard markers m7G and m3A. There was no indication of a peak of radioactivity in the regions that contained guanine. Of the total 14C radioactivity in the DNA, 74%, 4%, and 6%, respectively, occurred in the regions corresponding to those containing m7G, m3A, and m6G. These percentages are virtually identical with those obtained with MNNG-treated cells or DNA in other laboratories (10, 11) and in our own (unpublished data), using different methods of hydrolysis and chromatography. The material remaining at the origin presumably consists of phosphotriesters and methylated pyrimidine nucleotides, which are not hydrolyzed by 0.1 M HC1 (10) showed peaks of radioactivity corresponding to guanine, m7G, m3A, and adenine. A small amount of radioactivity was also found in m6G (Table 2) . We calculated that =24% of the 14C radioactivity in the DNA was in unmethylated guanine and adenine, which is consistent with reports that methyl groups from MeMes can enter cellular metabolic pools (11) . The radioactivity in unmethylated cytosine and thymine could not be determined by these methods. However, the radioactivity in the m7G, m3A, and m6G has been shown to account for 290% of the DNA methylation igroduced by MeMes (10) (11) (12) . Moreover, the ratio of m7G to m A to m6G (1:0.09:0.002) that we found (Table 2) is in good agreement with published ratios of DNA methylations produced by MeMes (10) (11) (12) (Table 2 ). These data are consistent with published work that indicates that m6G in the DNA of V79 cells is mutagenic (2, 6, 15) . However, these data also indicate that m6G was not the only mutagenic lesion produced by MeMes. The presence of dCyd and dThd in the medium in which the cells were treated with the methylating agents did not significantly affect the amounts of DNA methylation that occurred, but the MNNG-induced mutant frequency was significantly increased ( Table 2 ). The MeMes-induced mutant frequency was not significantly increased by the nucleosides in these experiments or in experiments reported previously (8) , indicating that the nucleosides facilitated the expression of mutagenic m6G produced by MNNG, but did not facilitate the expression of mutagenic lesions produced by MeMes. Although the amounts of m7G, m3A, and m6G and the z8Gr mutant frequencies produced by 3.4 ,M MNNG were significantly different from the methylation and mutant frequencies produced by 272 ,AM MeMes, the cytotoxicities of these concentrations of methylating agents were very similar (Table 2) . Thus, DNA methylations and mutagenesis were not uniformly associated with the cytotoxicity produced by MNNG and MeMes. On the other hand, the cytotoxicity of MNNG was enhanced by dThd to a greater extent than was that of MeMes ( Fig. 1) , suggesting that m6C, which was produced in greater amounts by MNNG than by MeMes is involved in the dThdinduced enhancements of cytotoxicity.
DISCUSSION
Three different laboratories have shown that the cytotoxicities of monofunctional alkylating agents, in Chinese hamster (8, 9, 17) and mouse L1210 cells (18) , are dramatically enhanced by dThd, and that the enhancements are abolished by dCyd. We have determined the [dCyd]/[dThd] ratios for 50% abolition of the enhancements and have clearly shown that the cytotoxicity of MNNG was maximally enhanced after 2-hr incubation in medium containing dThd (Table 1) . Enhancement by dThd of mutagenesis produced by monofunctional alkylating agents has been shown to occur in two Chinese hamster cell lines (8, 9) . Our finding, that =5 doublings in medium containing dThd plus dCyd prior to exposure to z8G are necessary for maximal enhancement (Fig. 2) and also for maximal expression (5, 8) of z8Gr mutant frequencies, provides corroboration that the expression as mutants of mutagenic lesions was facilitated by the nucleosides.
The ratios m7G to m3A to m6G, in the DNA of V79 cells treated with MNNG and MeMes in our experiments (Table 2) , are similar to the ratios of these methylated bases produced by nitrosomethyl urea, dimethyl sulfate, and MeMes that were found in other laboratories (2, 11, 19) . These ratios are consistent with the nucleophilic selectivities of these methylating agents (20) . The indication in Table 2 that m6G is a mutagenic lesion is consistent with the findings in other laboratories (2, 19) , but Table 2 also shows that neither the mutagenicities nor the cytotoxicities of the methylating agents can be attributed solely to nitrogen or to oxygen methylations in the DNA. Fox and Brennand (19) reached a similar conclusion from their data.
In the DNA ofcells and tissues treated with MNNG, 04-methylthymine, 02-methylcytosine, 3-methylcytosine, and 1-methyladenine have been found (10-12, 15); we have not measured the amounts of these compounds. It has been postulated that these methylated bases and m6G could cause DNA replication errors that produce all possible kinds of transversion and transition mutations (11, 12) . Depurination of m7G and m3A could also produce DNA replication errors (21) . Our finding that dCyd facilitates the expression of MNNG-induced z8Gr mutations in V79 cells (8, 17) indicates that replication errors other than m6G-T mispairings occurred. However, dCyd is also converted into dTTP in Chinese hamster cells (22, 23) . Thus, for further interpretations of the effects of dThd and dCyd on MNNG-induced mutagenesis, detailed measurements ofthe effects ofthe nucleosides and MNNG on intracellular deoxyribonucleotide pools will have to be performed.
The extent of DNA methylation and the quantities of the major products of oxygen and nitrogen methylation produced in cells treated with MNNG and MeMes were not affected by dThd and dCyd ( (9, 27) , and this increased dTTP was associated with the enhanced mutagenesis produced by alkylating agents in medium containing dThd (9) . Abbott and Saffhill have clearly shown that errors in DNA synthesis in vitro can occur when the probability of G-T pair formation is in-Proc. Natl. Acad. Sci. USA 79 (1982) 1647 creased by m6G in the template DNA and dTTP in the reaction medium (28) . Therefore, it was postulated that enhanced mutagenesis results from DNA replication errors produced by mispairing of m6G in DNA with thymine from expanded dTTP pools (8, 9) . In the light of this postulate, Fig. 2 suggests the following chronology for the events that occur during the 6-day period between treatment of the cells with MNNG and mutant selection with z8G that is necessary (5, 8) for maximal expression of MNNG-induced z8Gr mutants. In the course of the first day after treatment of the cells with MNNG the surviving cells divide once, entailing a single round of DNA replication that presumably suffices to produce most ofthe m6G-T mispairings that result in z8Gr mutants. The remaining 5 days of the expression time are the period of phenotypic lag, during which existing hypoxanthine (guanine) phosphoribosyltransferase levels presumably are depleted (4) .
The cytotoxicity of alkylating agents in V79 cells was considered to be associated with depurination of m7G and m3A in the DNA (1, 3) . However, MNNG produced significantly less m7G and m3A than did a virtually equitoxic concentration of MeMes (Table 2) . Moreover, dThd increased the cytotoxicities of MNNG and MeMes, and the increase and the [dCyd]/[dThd] ratio that abolished 50% of the increase were proportional to the amount of m6G that could be expected to occur in the DNA ( Fig. 1 and Table 2 ). These effects ofdCyd on the enhancement of cytotoxicity by dThd are similar to the effects of dCyd on the cytotoxicity of dThd alone ( Fig. 1 ) that is known to result from an increase of dTTP pools and a concomitant decrease of dCTP pools (27) . Therefore, it was proposed that both the mutagenesis and the cytotoxicity of MNNG in Chinese hamster cells were produced by m6GT mispairing, which is more likely to occur in cells treated with dThd (8, 9) .
On the other hand, there are four lines of evidence that the mechanisms of mutagenesis are different from those of cytotoxicity produced by alkylating agents in V79 cells. First, equitoxic concentrations of methylating agents produce different mutant frequencies (2, 5, 6) . Second, lines of V79 cells have been isolated that have susceptibilities to mutagenicity different from their susceptibilities to cytotoxicity produced by alkylating agents (7). Third, whereas dThd facilitated both the mutagenicity and cytotoxicity of MNNG, dCyd reversed the facilitation of cytotoxicity but not the facilitation of mutagenicity (Figs. 1  and 2, Table 2 , ref. 8). Fourth, maximal facilitation of mutagenesis occurred when dThd and dCyd were present throughout the first round of DNA replication after treatment of V79 cells with MNNG; but for maximal cytotoxicity it was necessary for dThd to be present only for a briefperiod, during which most of the methylated DNA cannot have been replicated (Table 1) . Furthermore, although perturbations in nucleotide pools are clearly associated with the facilitation of mutagenesis (9, 28) , it is not clear that any nucleotide pool perturbations occurring during the brief (<2-hr) exposure to dThd are necessary for the enhancement of cytotoxicity.
We have previously shown that the cytotoxicities of MNNG and MeMes are closely associated with early inhibition of DNA synthesis (3) , and Painter has proposed that inhibition, by DNAdamaging agents, of DNA synthesis results from alterations in the conformation of chromatin (29) . Moreover, the synthesis of poly(ADP-ribose), which has been shown to produce crosslinking and condensation of chromatin, is known to be affected by dThd and DNA damage produced by alkylating agents and to influence the cytotoxicity of the alkylating agent dimethyl sulfate in L1210 cells (30) . Thus, a mechanism ofinhibition ofDNA synthesis, resulting from conformational alterations of chromatin that are produced by oxygen methylations in DNA and by dThd, could account for the enhancements by dThd of the cytotoxicity of MNNG. However, it is clear from Fig. 2 and Table 1 that replication ofthe methylated DNA in medium containing dThd is necessary for facilitation of mutagenesis but is not necessary for the enhancement of cytotoxicity, indicating that MNNG can produce cytotoxicity by mechanisms that are fundamentally different from those by which it produces mutations.
The finding that the cytotoxicity of an alkylating agent can occur by a nonmutagenic mechanism(s) creates a rationale for seeking alkylating agents that can be used, in combination with modulators of nucleotide metabolism, to produce cytotoxicity without mutagenicity. Such combinations could be advantageous in cancer chemotherapy by reducing the dangers of one of the complications of that therapy, namely, cancer (31) .
